The object of analysis in this study is the brain which has brain edema. Brain edema is tissue that stores overabundantly CSF (Cerebrospinal Fluid) in cells. It forms in brain tissue and appears as white part in the image of MRI. However, as the image shows only the state that CSF is stored, it gives us no information on the direction or quantity of CSF flow flux. Therefore, we study the flow of CSF through computer simulation. First, we construct a two-dimensional model of the brain by using FEM based on Poisson's equation and diffusion equation and simulate the CSF flow in brain tissue in order to know the quantity of CSF stored. Second, we simulate the situation that colored-Albumin is poured into the brain tissue at the edema's point and compare the distribution of CSF with the image of CT. It is observed that results on CSF flow got by the simulation are similar to those by the pathological observation.
Introduction
The progress of the medical imaging techniques enabled us to obtain various information on state of tissue from medical images in the field of neurosurgery. However, it is difficult to know mechanical factors on pressures and stresses that cause various phenomena in tissue. Therefore, in order to know such factors, various models have been constructed from the viewpoint of biomechanics*.
When we discuss the pathology of brain tissue, we have to take the Cerebrospinal fluid (CSF) into consideration. For example, brain edema is a part of tissue which stores CSF overabundantly in cells. It outbreaks in the brain tissue, and it appears as white part in MR images. Though the image shows the amount of CSF stored, it doesn't represent the direction or rate of CSF flow. In the surgical experiments, a colored-albumin is poured into the brain tissue in order to know CSF flow in dynamic equilibrium. However, it cannot clarify the character of the CSF flow. For example, it is not clear whether it is a volume flow or convection. Then, in this paper, we examine the CSF flow in the brain tissue by the use of Finite Element Method. First, we construct a two-dimensional model of the brain and simulate the CSF flow in the brain tissue based on the Poisson's equation and the diffusion equation. Second, the convection-diffusion model is formulated for the simulation of the contrast medium behavior.
Brain Edema
Brain edema is a state that the volume of the brain increases by the abnormal increase of water in the inside and the outside of brain tissue cells. Generally, it is observed more in the white matter than in the gray matter and the white matter swells and becomes wet. The brain edema is one of causes of intracranial pressure increase. In particular, the increase of intracranial pressure and the edema progress form a vicious circle and the edema progress by the increase of the intracranial pressure is the clinically most serious stated Besides, even if the increase of the brain volume is small, the resulting fluctuation of intracranial pressure is heavy, the brain becomes oppressed suddenly and flows of cerebrospinal fluid and blood in the brain are influenced severely^. As cures for brain edema, steroid or hypertonic solution is poured into the blood vein. Steroid has the functions that it (1) lowers the permeability of the blood vessel wall, (2) decreases the leakage of the proteins and (3) quickens the removal of leaked water by raising the absorption rate of cerebrospinal fluid. The first and second functions act on the lesion part and prevent the edema fluid from leaking out into surrounding tissue. The third is the function that increases the absorption of edema fluid into the blood vessel. It is observed from CT image after the treatment that the spread of contrast medium becomes small and the condition of the patient improves. However, it is not clarified which of (1) to (3) works dominantly. Next, the hypertonic solution has an effect on increase of the osmotic pressure. By using it, the amount of edema fluid being absorbed increases and the intracranial pressure lowers down temporarily. If the difference in the osmotic pressure between the inside and outside of the blood vessel becomes small, the rate of absorption returns to the former leveP. Therefore, this treatment is repeated in actual situation. However, the interval of pouring of the hypertonic solution gradually becomes short, the rebound occurs and the intracranial pressure rises suddenly and never goes down. This is because the edema fluid which leaks out from the lesion part also includes the hypertonic solution and the osmotic pressure of the fluid in the brain tissue is raised. That is, if the amount of edema fluid absorbed is beyond a certain limit, the osmotic pressure in the blood vein becomes lower than in the outside, then the edema fluid starts to leak out. Thus, the effect of the hypertonic solution has a limitation. In the case of the steroid, this phenomenon is not observed, but the frequent application of it causes side effects such as a gastric ulcer. Then, in this paper, we simulate the flow of the cerebrospinal fluid in the brain tissue by the Poisson's equation and the convection-diffusion one in order to know the efficacy of these treatments.
Finite Element Model of Brain
We construct a two-dimensional Finite Element model of brain based on a tomogram of a brain which doesn't inflate, as shown in Fig.l . In the simulation, we refer the case when space occupying lesions appear in the part of the white matter. The black triangle in Fig.l shows the lesion part which induces a brain edema. It is assumed that the fluid flows out freely from the outer surface. The brain tissue inside of the subarachnoid space is classified into three parts as gray matter, white matter and basal ganglia, each of which is regarded as homogeneous. Material constants as shown in Fig. l are adopted according to the papers previously published^, /j, is the viscosity. We give the same viscosity for cerebrospinal fluid and edema fluid as for water. A is the permeability of tissues. In this paper, we assume a comparatively high permeability for the white matter in order to represent the state that in many cases the edema spreads first in the white matter and the accumulation of the edema fluid makes the flow-in of edema fluid further easily. We analyze only the half side of the brain assuming the symmetry.
Diffusion of Edema Fluid
The state of progress of edema in a brain tumor is observed as white part in MRI. In experiments on animals, hygh polymer substance such as colored Albumin is poured into the brain tissue and the behavior of CSF is examined by observing the flow direction of Albumin. However, experiments on animals have several problems. Moreover, above methods don't clarify whether the behavior of the edema fluid is governed by diffusion or by convection. Then, in this paper, we simulate the behavior of the poured material by assuming convection-diffusion equation provided that the behavior of the edema fluid is governed by diffusion.
Governing Equations
The flow of cerebrospinal fluid and edema fluid is very slow. Then, we assume a two-dimensional laminar flow. Besides, we can assume an irrotational flow and consider that the density is constant.
4.1.1
Poisson's Equation The convection of fluid is the phenomenon that the matter which exists in the domain varies. If the permeability is denoted by A and the dynamic viscosity is by /x, the convection of a physical value p is expressed as -• V^p 4-Q -- (1) where Q is the source of the matter and the term of the right hand side is called as unsteady one or diffusion. The boundary conditions are given as
We can formulate the Finite Element Expression by the weighted residual method. That is, by assuming the separated form as function in field variables and that in time variable and by discretizing p in an element, we obtain the differential equation in time. The resulting equation can be solved by a suitable Finite Difference Method.
4.1.2
Convection-Diffusion Equation As mentioned before, one method for examining the flow of edema fluid in the neurosurgery is to pour the contrast medium into the edema and to observe its diffusion^. By this, we can estimate the direction of flow in edema fluid and the position where the edema fluid is stored. In this paper, we simulate this experiment by the numerical calculation.
The diffusion of a material in a fluid spreads by the pressure gradient. This phenomenon is called the convection-diffusion. It depends on the velocity of the medium fluid. The components of the velocity, u and %, in x and y directions, respectively, are derived by using the pressure p which is obtained by the Poisson's equation as
Next, if we denote the concentration of an object matter by c and the amount which is generated in the domain per a unit time by Q^ the convection-diffusion equation is represented by
The boundary conditions are given as dc C = CB on TC , -D-= q<. on f% (5) Similarly in the previous section, the discretization of the concentration c and the application of the weighted residual method yield the equation for the concentration c.
Simulation
As the boundary conditions, the pressure at the inner surface (the ventricle) and the outer surface (subarachnoid space) is set lOmmHg. The pressures at the lesion parts are set as SOmmHg. First, the pressure distribution is solved by the Poisson's equation under the boundary conditions until the flow attains to its steady state. The velocity distribution in the twodimensional case is shown in Fig.2 . Under the flow field in the steady state obtained in the above, we solve the diffusion problem of a material c which is given as a source Q^ = 0.03 during the first 10 steps, where 1 step corresponds to 10 sec. The simulation is done until 20 steps. The examples of the concentration distribution are shown in Fig.3 .
Discussion
Edema which is observed around a brain tumor in MRI is the edema fluid stored in cells. In CT, the amount of the contrast medium which is poured into the blood vein appears by the X-ray. In the cure by the steroid, though there is no change in MRI, the condition of the patient improves. But, in CT, the region of the affected area becomes small^. Therefore, we can interpret that the steroid reduces the leak of the edema fluid from the lesion part. The simulation in this chapter was performed in order to verify this situation. In this study, we use a two-dimensional model. Though it is impossible to evaluate the result quantitatively, we can obtain some qualitative results. It is observed from Fig.2 only to the ventricle but also to the back part of the head, mainly in the white matter. In the image of MRI, the edema spreads over the back part of the head tangentially to the anterior horn of the lateral ventricle. If it is assumed that the edema fluid is absorbed unlimitedly in the ventricle, the spread of the edema must be stopped when the edema reaches the ventricle. Therefore, it is supposed that the flow direction of the edema is not limited to that to the ventricle. This shows the usefulness of the simulation based on the Poisson's equation. Next, the result shown in Fig.3 resembles the state change observed in CT and it shows the usefulness of the simulation by the convection-diffusion.
In the next chapter, we perform the simulation taking the absorption in the ventricle and blood vessels into consideration.
Distribution of Storage and Concentration
In the disease called edema, the CSF is stored excessively in the inside and outside of cells at its early stage, which causes the remarkable increase of the intracranial pressure in its development process. Then, we consider the flow of the edema fluid which is caused by the pressure increase at the lesion part as a convection and giving a source in the flow, we regard its spread as the diffusion. The area of the brain edema can be observed by MRI, but this shows the distribution of the water stored. The brain edema in MRI spreads around the lesion part and stops by attaining to its dynamic equilibrium state. The leakage of the edema fluid from the lesion part at this time can be observed by CT. After the cure by the steroid, it is observed in MRI and CT that the area of the edema becomes small. However, it is not clear now how the steroid works for the reduction of the amount of the edema fluid in the intracranium. Then, we examine which of the change in the rate of the absorption into blood vein and the change in the diffusion coefficient can reduce the area of the edema. 
Boundary Conditions
The cause of the storage of the edema fluid in the brain edema is the existence of the space occupying lesions as mentioned before. The storage of the edema fluid influences the intracranial pressure. As the brain edema is the state where the traffic of the CSF is hindered, the pressure of the subarachnoid space and that of the ventricle can have independent values. Then, in this paper, we assume that the pressure of the edema fluid at the lesion part changes and the tissue is subjected to the pressure from the brain surface which is given as boundary conditions. In this chapter, we perform the simulation under the following two boundary conditions in order to know the state of the edema fluid when the lesion part has a higher pressure than the surrounding tissue. The initial pressure is 10 mmHg everywhere in the brain tissue and the pressure at the lesion part is set at 30 mmHg.
Case 1: Both the pressure on the inner surface (the ventricle) and that on the outer surface (the subarachnoid space) are fixed to 10 mmHg during the simulation (Fig.4(a) ). This supposes the early state of the brain edema.
Case 2: If the brain edema which spreads out from the lesion part reaches the ventricle, the edema fluid stored in cells flows into the ventricle. If the amount of the edema fluid which has flowed in the ventricle is small, there is no change in the pressure of the ventricle. But if it exceeds a certain limit, the pressure in the ventricle starts to increase. Then, by summing up the amount of edema fluid which has flowed into the ventricle at each step, if the summation exceeds a certain value, we make the pressure at the ventricle increase according to the amount of the flow-in as shown in Fig.4(b) .
5.1.2
Setting of Absorption Rate and Diffusion Coefficient Under the above conditions, we simulate the flow of the edema fluid and calculate the distribution of flow flux and the amount of the edema fluid stored. We perform the simulation until the flow attains to its steady state considering the fact that the spread of the brain edema stops and attains to its dynamic equilibrium state. Next, considering the flow which is caused by this pressure difference as the convection, we examine the distribution of the concentration of the contrast medium provided that it is poured into the flow as the source Qc. As mentioned in Chap.2, the pouring of the steroid has two effects, that is, (1) it increases the amount of the edema fluid to be absorbed into the normal blood vein and (2) it decreases the amount of the edema fluid which leaks out from the lesion part. First, let's consider the first effect. It is said that the amount of the edema fluid to be absorbed is proportional to the density of the blood vein in the tissue and the ratio of its density in the white matter to that in the gray matter and the basal ganglia is 0.04:0.15. Then, in this study, we assume that a constant rate (rate) of edema fluid flux is stored in an element and it is absorbed into the blood vein proportionally to its density. Moreover, in order to compare the result with the clinical data before and after the treatment, we carry out the simulation with rate = 0.01 (before treatment: case a) and rate = 0.05 (after treatment: case b). Second, assuming the second effect, we perform the simulation with the diffusion coefficient, D -0.00012 (before treatment) and D = 0.00006 (after treatment).
Results of Simulation
First, we solve Eq.(l) for the pressure and calculate the velocity at each step from the pressure gradient. The flow flux which flows in each element is defined as the amount that crosses vertically the boundary line between adjoining two elements. Figure 5 shows examples of the distribution of the edema fluid stored before and after absorption (casel-a: rate = 0.01). Next, the distribution of the concentration of the contrast medium at step 72 is shown in Figs.6 and 7. In order to know the state of the diffusion, the variations of the concentration plotted along the curve drawn in Fig.l are also shown in Figs.6 and 7.
Discussion
In MRI, the edema fluid which is stored in tissues is observed. First, consider the case 1. If we take the absorption into consideration, the storage in the gray matter and basal ganglia disappears comparing the case without the absorption as shown in Figs the rate of absorption becomes large, the total amount of storage decreases (casel-a:casel-b=0.193:0.177). But, if the absorption into the blood vein stops, the amount of the storage again increases and returns its old state (casel-a:casel-b=0.255:1.28). This corresponds to the phenomenon which is observed after the passage of time in the treatment by the hypertonic solution. Next, consider the case 2. It is observed also in this case that the increase of the rate of absorption doesn't mean the permanent reduction of the edema. The distribution of the CSF stored resembles that of the case 1, but the total amount of the storage increases comparing with that of case 1 (casel-a:case2-a=0.255:33.2). It is expected from this result that to drain the CSF from the ventricle and to increase the amount of the edema fluid which flows into the ventricle by lowering the pressure of the ventricle has an effect for decreasing the amount of edema fluid stored and for lowering the intracranial pressure. This treatment is done actually. The information which we can obtain from CT is not on the absolute concentration but on a relative distribution of the contrast medium. The density in the case 1 shows a similar distribution as in the case 2 and it can be said that the amount of the edema fluid which flows in the ventricle has little relation with the diffusion. On the other hand, the comparison of Figs.7(a) and 6(a) shows that the change of the diffusion coefficient has an influence on the distribution of the concentration. It is considered from these results that the second function of the steroid is more effective than the first function.
Conclusion
The results of simulation show that the distribution of the quantity of CSF stored resembles those observed in MR images. Moreover, we assumed an absorption model of the fluid, by which we discussed the effect of the medical treatments. First, the limitation of the hypertonic solution was shown. Second, two functions of the steroid were compared. Lastly, authors would like to express their thanks to Kobe Technical Cooperation (KTC) for supporting this research financially.
